The extremely high concentration of macromolecules in a eukaryotic cell nucleus indicates that the nucleoplasm is a crowded macromolecular solution in which large objects tend to gather together due to crowding forces. It has been shown experimentally that crowding forces support the integrity of various nuclear compartments. However, little is known about their role in control of chromatin dynamics in vivo. Here, we experimentally addressed the possible role of crowding forces in spatial organization of the eukaryotic genome. Using the mouse β-globin domain as a model, we demonstrated that spatial juxtaposition of the remote regulatory elements of this domain in globin-expressing cells may be lost and restored by manipulation of the level of macromolecular crowding. In addition to proving the role of crowding forces in shaping interphase chromatin, our results suggest that the folding of the chromatin fiber is a major determinant in juxtaposing remote genomic elements.
Introduction
It has become increasingly evident that an apparent order in the eukaryotic cell nucleus originates out of disorder because of the self-assembly of functional nuclear compartments, which can be initiated by various "seeding events" including realization of functional processes [1] [2] [3] [4] [5] [6] . The integrity of these compartments (such as nucleoli, Cajal bodies, and PML bodies) is supported by weak specific interactions and non-specific entropic forces (in particular, by "depletion attraction forces" [4, 7, 8] ) that originate in crowded macromolecular solutions [9] [10] [11] [12] . Under conditions of macromolecular crowding, large objects, including various macromolecular complexes, tend to gather together due to the bombardments by smaller molecules that are in a constant state of Brownian motion. In a mixture of different-sized particles, aggregation of large particles would result in an overlap of excluded volumes surrounding these particles and thus in an increase of the accessible space for smaller particles ensuring a gain in entropy [4, 7, 9, 11, 13, 14] . It has been experimentally shown that entropic forces play an important role in maintaining the integrity of nucleoli and certain nuclear bodies [15] . More precisely, it has been shown that under hypotonic conditions, expansion of the nucleus correlates with disappearance of nucleoli, Cajal bodies and PML bodies. However, these compartments were reestablished when an inert crowding agent (polyethylene glycol) was added to the suspension of the nuclei in a hypotonic solution.
Recent evidence suggests that the spatial organization of the genome reflects its activity and is tightly connected with the functional compartmentalization of the cell nucleus [16] [17] [18] [19] [20] . Using the chromosome conformation capture (3C) experimental procedure, de Laat and collaborators have demonstrated that in mouse erythroid cells, the promoters of β-globin genes are positioned in proximity to the locus control region (LCR) in an expression-dependent fashion [21] . It has been proposed that the promoters of transcribed globin genes and remote regulatory elements are assembled in a common activating complex, which is termed the active chromatin hub (ACH) [22, 23] . Other observations suggest that enhancers and target promoters are juxtaposed in a restricted nuclear compartment where they retain a certain degree of mobility [24, 25] . Whatever the particular mode of juxtaposing enhancers and promoters, it is clear that chromatin is organized in various loops within a complex 3D network [16, 23, 26, 27] . The ends of chromatin loops are likely held together by protein-protein interactions (such as dimerization/oligomerization of proteins bound to enhancers and promoters). However, these interactions are relatively weak, and the stability of the complexes may depend on the contribution of depletion attraction forces [4] . Here, we checked if the depletion attraction forces contribute to the proximity retention of the remote genomic elements constituting the mouse β-globin domain ACH. Using cultured mouse erythroid cells as a model, we demonstrated that a decrease in the level of macromolecular crowding results in a significant loss of interaction between the components of β-globin domain ACH, which is indicated by a decrease in the level of the 3C signal. With the increase in the level of macromolecular crowding, the juxtaposition of the ACH components was reestablished.
Results and Discussion
In all of the experiments, we used induced (expressing globin genes) cultured mouse erythroid cells (murine erythroleukemia cells, MEL). This model was chosen because we aimed to study the configuration of the β-globin ACH. The original protocol for the isolation of nuclei in isotonic buffer and subsequent expansion in hypotonic buffer [15] was slightly modified to the work with MEL cells (see Methods section for details). We first checked if we could reproduce with our experimental model the reversible disassembly of nuclear compartments as a result of a decrease in the level of macromolecular crowding. With this aim, we used the experimental strategy described by R. Hancock [15] . MEL cells were gently lysed by digitonin in an isotonic solution. Next, the nuclei were expanded in a hypotonic buffer and then returned to the initial size by the addition of an inert crowding agent (PEG 8 kDa). It has previously been reported that, after cell lysis with digitonin, the nuclear envelope retains intranuclear proteins and the integrity of nuclear compartments is not compromised [15, 28] . Small molecules, including some proteins, can pass though nuclear pores and thus will be partially or even fully lost from isolated nuclei in the absence of cytoplasm. However, the average molecular weight of diffusely localized proteins present in nucleoplasm is 68 kDa [29] , and proteins of this size cannot freely pass through nuclear pores [15] and thus are retained in nuclei. To check if this is indeed the case, we determined what portion of GATA-1 (43 kDa), DNA topoisomerase I (91 kDa) and PML (98 kDa) remained in the nuclei after cell lysis and subsequent treatments (see below). With this aim equal aliquots were taken after each treatment, nuclei were precipitated and, after protein separation by SDS-PAGE and Western blotting, the above-mentioned proteins were immuno-stained. Histone H3 was used as a loading control to make a correction for the loss of material in the course of experimental manipulations. This protein is tightly bound to DNA and for this reason can hardly be solubilized in the course of cell lysis and hypotonic treatment of isolated nuclei. The results presented in Fig 1 demonstrated that~90% of GATA-1 was retained in the nuclei after cell lysis by digitonin. The retention of DNA topoisomerase I and PML was almost complete. It is also of note that the cell nucleus is crowded with macromolecules of various nature including DNA (in the form of chromatin) and RNA which is complexed with different proteins. Both chromatin and RNP particles are retained in isolated nuclei. Thus, there are good reasons to believe that the level of macromolecular crowding in nuclei isolated using digitonin treatment under isotonic conditions closely matches that in nuclei within cells as long as the membrane is not damaged and the nuclear volume remains unchanged. The subsequent expansion of nuclei in hypotonic buffer would result in redistribution of macromolecules in a larger volume, with a consequent decrease of the level of macromolecular crowding [15] . A loss of some relatively small nuclear proteins in the course of hypotonic treatment (as has been observed for GATA-1; Fig 1) also contributes to the decrease of the level of macromolecular crowding in hypotonic nuclei. Inspection of the "isotonic" nuclei under phase contrast demonstrated the presence of heterochromatin domains and nucleoli. These nuclei looked very similar to those in cells that were not lysed by digitonin (Fig 2A) . The transfer of isolated nuclei into the hypotonic solution resulted in a significant expansion of the nuclear volume. The nuclei of MEL cells are known to have spherical shape [30] . Simple calculations based on measurements of nuclear diameter demonstrated that the nuclear volume increased more than 2 times from 410 +/-30 to 970 +/-120 μm 3 (SEM, n = 25) (Fig 2B) . An inspection of hypotonic nuclei under phase contrast revealed almost complete disappearance of the heterochromatin clusters and nucleoli (Fig 2A) .
To visualize PML and Cajal bodies, the cells and isolated nuclei were immunostained with antibodies that recognize PML and coilin, respectively, which are characteristic components of these compartments [6] . Both Cajal and PML bodies were clearly visible in cells and nuclei isolated in isotonic buffer but were not detectable after expansion of nuclei in hypotonic buffer (Fig 3) . The key observation made in the above-cited study by R. Hancock [15] , was that upon the addition of an inert crowding agent (PEG 8 kDa) to a suspension of expanded nuclei in hypotonic buffer, the average size of the nuclei decreased to the initial value, and the nucleoli, PML and Cajal bodies were restored. As shown in Figs 2 and 3, this observation was fully reproduced in our model system. It should be noted that concentration of PEG 8 kDa that is sufficient to restore nuclear compartments under hypotonic conditions was determined experimentally in the above-cited study by R. Hancock [15] . It is difficult to say whether, after addition of PEG 8 kDa to this concentration, the level of macromolecular crowding within hypotonic nuclei matches or exceeds that in nuclei isolated under isotonic conditions. It is of importance, however, that the addition of PEG 8 kDa to a concentration higher than 12.5% results in a decrease of nuclear volume below the value observed in isotonic conditions ( [15, 31] , and data not shown).
Having confirmed that we can trigger disassembly and reassembly of various compartments in nuclei of MEL cells by changing the level of molecular crowding, we focused our attention on the β-globin domain ACH. With the aim of finding out if entropy forces (depletion attraction forces) contribute to the juxtaposition of the β-globin domain regulatory elements, we compared the profiles of the spatial interaction of the 3'-insulator with the upstream regulatory elements of the domain (addressed in a previous study [32] ) in cells, nuclei isolated in isotonic buffer, nuclei expanded in hypotonic buffer and nuclei expanded in hypotonic buffer and then returned to the normal size upon the addition of 12.5% PEG 8 kDa. It should be noted that in a standard 3C protocol fixed cells are used as the starting material [33] . Here, the formaldehyde fixation was performed on isolated nuclei. The results presented in Fig 4A demonstrate that the isolation of nuclei in isotonic buffer does not significantly influence the 3C profiles. Indeed, the 3C curves reflecting the profiles of spatial interactions of the anchor fragment (3'-insulator of the β-globin gene domain) with the upstream regulatory elements of the domain in nonlysed cells and in nuclei isolated in isotonic buffer, closely match each other. When the nuclei were first expanded in the hypotonic solution and then fixed with formaldehyde, a drastic loss of the 3C signal was observed (Fig 4B, green curve) . This did not happen when PEG 8 kDa was added to a suspension of nuclei in the hypotonic buffer before formaldehyde fixation (Fig 4B,  blue curve) . To make sure that the reduced ligation frequencies observed in the experiments with hypotonic nuclei were not due to incomplete restriction enzyme digestion, we checked the digestion efficiency at all HindIII sites tested and found it to be sufficiently high both for hypotonic and "isotonic" or recovered nuclei (>85%, Figure A in S1 File) . Moreover, judging by the level of circularization of the anchor restriction fragment and the fragment bearing Hbb-b1 promoter ( Figure B in S1 File) , an overall efficiency of ligation was not affected either. This gives reason to believe that our 3C results reflect a change in the 3D arrangement of the ACH in hypotonic nuclei rather than differences in the efficiency of the 3C procedure.
The behavior of the β-globin domain ACH in response to reversible expansion of the nuclear volume closely resembled the behavior of various nuclear compartments. The spatial interactions between the remote regulatory elements of the β-globin domain were drastically decreased upon expansion of a nuclear volume in the hypotonic solution and were restored after addition of a crowding agent (PEG 8 kDa). Hence, the molecular links between the components of the β-globin domain ACH, such as dimeric or oligomeric complexes of proteins bound to different target sequences on DNA [34] [35] [36] , are rather weak and their integrity depends on the "aid" of crowding forces. More importantly, the juxtaposition of the remote regulatory elements of the β-globin gene domain is likely mediated by the mode of chromatin fiber packaging, which can be reversibly changed depending on ionic strength and the level of molecular crowding. Otherwise, it is difficult to explain how the initial configuration of the domain, including juxtaposition of the remote regulatory elements, is quickly reestablished upon addition of a crowding agent to a suspension of nuclei in a hypotonic buffer.
It is not presently clear how contacts between remote genomic elements are established in chromatin context [20] . It might be proposed that in the course of erythroid cell differentiation, remote regulatory elements of the β-globin gene domain are repositioned to the same location by an active process (for example, by Pol II mediated transfer [37] ) and are held together because of formation of a multicomponent complex. It should then be expected that once this complex is disassembled, the chromatin fiber would adopt the more favorable configuration and would keep this configuration unless the active process of ACH assembly is repeated from the beginning. However, any active biological processes of establishing communication between remote regulatory elements can hardly occur in isolated nuclei kept in the absence of NTPs for 20 min at 0°C (these were the conditions of incubation of the hypotonic nuclei with PEG 8 kDa before formaldehyde fixation). Thus, the only possibility to explain restoration of the 3C signal observed in our experiments after the addition of PEG to a suspension of nuclei in a hypotonic buffer is to assume that under these conditions, the most favorable configuration of the chromatin fiber is the one that brings together the components of the β-globin domain ACH. Restoration of this particular configuration can be guided by specific profiles of histone modifications or association with HMG and other non-histone proteins that have been established during differentiation and are not affected by the decrease of the crowding forces upon nuclear expansion in a hypotonic buffer. To this end, it is of note that decompaction of heterochromatin clusters in living cells placed in hypotonic medium did not result in a loss of heterochromatin-specific histone modifications. Furthermore, super-compaction of euchromatic regions under hypertonic conditions did not correlate with acquisition of these modifications [38] . Crowding forces are known to support self-association of polynucleosomal chains [39] . Thus, it is not surprising that upon a decrease in the level of macromolecular crowding, the chromatin fiber adopts a new configuration. Nevertheless, it possesses a kind of spatial memory that is based on physical laws and allows the initial configuration to be reestablished upon restoration of the crowding forces. It is currently not clear whether enhancers and promoters of beta-globin genes are indeed assembled in a common complex. The other possibility is that they are located in spatial proximity because of the particular folding of a chromatin fiber [18, 25] . As both the folding of a chromatin fiber and the stability of supramolecular complexes can be influenced by the level of molecular crowding, our results fit both the active chromatin hub [22] and the expression hub [40] models. In fact, these models are not mutually exclusive. Being brought into spatial proximity by the specific folding of a chromatin fiber, enhancers and promoters may participate in the formation of supra-molecular complexes via interaction of linked proteins. Interaction of molecules possessing complementary surfaces is especially strongly stabilized by entopic forces [41] that thus may support self-association of CTCF and oligomerization of transcription factors (such as Sp1 [35, 36] and Ldb1 [34] ) bound to remote genomic sites.
Materials and Methods

Cell culture
The murine adult erythroleukemia cell line MEL (MEL-745A cl. DS19, CABRI:DSMZ_MUTZ ACC 501) was cultured in RPMI-1640 medium, containing 10% fetal bovine serum (FBS), 100 units/ml penicillin and 100 μg/ml streptomycin in 5% CO 2 and 37°C. For induction of the globin gene transcription, cells were incubated with 2% dimethyl sulfoxide (DMSO) for 72 h, as described previously [42] . Transcription of the adult beta-globin genes Hbb-b1 and Hbb-b2 is significantly stimulated upon induction (Figure C in S1 File).
Isolation of nuclei
The cells were washed once in phosphate buffered saline (PBS) and then resuspended in ice cold isotonic nuclear buffer, INB [which consisted of 10 mM Hepes-NaOH (pH 7.5), 5 mM NaCl, 140 mM KCl, 300 μM MgCl 2 , 1 mM dithiothreitol (DTT), 0.1 mM phenylmethanesulfonylfluoride (PMSF)], supplemented with 50 μg/ml digitonin (Sigma), at a concentration of 6×10 7 cells/ml, and incubated on ice for 10 min. The nuclei were released by 50 gentle hand strokes of a small clearance pestle in a 2 ml Dounce homogenizer (Kimble Chase).
Expansion of the nuclei in a solution with low ionic strength, recovery of the nuclear volume by a crowding agent and fixation of isolated nuclei in different conditions
The suspension of the nuclei in INB was diluted by the addition of three volumes of INB without digitonin and three aliquots (each containing 2×10 7 nuclei) were collected. The nuclei from each aliquot were sedimented at low speed (200 g) and resuspended in either ice-cold INB (one aliquot) or ice-cold hypotonic nuclear buffer, HNB [which consisted of 10 mM Hepes-NaOH (pH 7.5), 5 mM NaCl, 300 μM MgCl 2 , 1 mM DTT, and 0.1 mM PMSF] (two aliquots). All three samples were incubated for 10 min on ice followed by the addition to two of these samples, one in INB and one in HNB, of an equal volume of warm (37°C) fixation solution, which was 4% formaldehyde prepared in INB or HNB, respectively. Fixation was conducted for 15 min at room temperature. The second (non-fixed) aliquot of nuclei in HNB was mixed (carefully but thoroughly) with a 1/3 volume of cold 50% 8 kDa polyethylene glycol (PEG) solution in the same buffer. After an additional 20 min incubation on ice, a warm 4% solution of formaldehyde in HNB supplemented with 12.5% PEG 8 kDa was added, and the nuclei were fixed for 15 min at room temperature. The fixed nuclei in all three cases were harvested and washed in PBS supplemented with 125 mM glycine.
Optical imaging and nuclear volume assessment
To assess the diameters of the nuclei, phase-contrast images were used. Approximate nuclear volumes were calculated based on an assumption that the erythroblast's nuclei have a spherical shape. Immunostaining of the cells and isolated nuclei were performed as previously described 25 . The following primary antibodies were used: mouse anti-PML (Millipore, MAB3738) and mouse anti-coilin (Abcam, ab87913). The primary antibodies bound to antigens were visualized using Alexa Fluor 488-conjugated secondary antibodies: rabbit antimouse AF488 (Invitrogen, A11059). The DNA was counterstained with 4',6-diamidino-2-phenylindole (DAPI). The results were inspected using a Zeiss Axio Scope.A1 microscope equipped with a 100× EC Plan-Neofluar 100×/1.30 Oil-immersion objective.
Western blot
Equal aliquots of cells or nuclei suspension were lysed in lysis buffer [50mM Tris-HCl, pH 8.0; 5 mM EDTA, 1% SDS, 0.1 mM PMSF and protease inhibitors cocktail (Roche, 04693116001)] for 10 minutes, then lysates were sonicated (VirTis VirSonic 100 sonicator, setting 20, 30 second pulse). Equal volumes of lysates were electrophoresed in 8%, 12% or 15%SDS-polyacrylamide gel and transferred onto polyvinylidene difluoride membranes (Hybond-P, Amersham Biosciences). The membranes were blocked with 2% Amersham ECL Blocking Agent (Amersham Biosciences) in PBS containing 0.1% Tween 20 (PBS-T) and subsequently incubated with primary antibodies overnight at 4°C. The following primary antibodies were used: mouse anti-PML (Millipore, MAB3738), rabbit anti-GATA-1 (Santa Cruz, sc13053), rabbit anti-Topoisomerase I (Abcam, ab3825), and rabbit anti-histone H3 (Active Motif, 39163). After three washing with PBS-T at room temperature, the membrane was further incubated with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies for 1 hour, followed by five washings with PBS-T. The following secondary antibodies were used: HRP-conjugated sheep anti-mouse IgG (GE Healthcare, NA931) and HRP-conjugated donkey anti-rabbit IgG (GE Healthcare, NA934V). Protein bands were visualized with Pierce ECL Plus substrate (Pierce). Protein band quantification was carried out using ImageJ software.
Chromosome conformation capture (3C)
The 3C procedure was performed as described elsewhere [21, 25] . In a standard experiment 5×10 6 fixed cells or nuclei were taken. The Hind III restriction enzyme was used for DNA digestion. The ligation products were analyzed by TaqMan real-time PCR. A random ligation standard was generated using a bacterial artificial chromosome carrying the murine β-globin gene locus along with flanking sequences (BAC clone RP24-79I7, CHORI BACPAC Resources Center). The sequences of primers and TaqMan probes are presented in Table A in S1 File.
Supporting Information S1 File. Sequences of primers and TaqMan probes used for 3C analysis and PCR-stop analysis ( Table A) . Sequences of primers used for RT-qPCR analysis ( Table B) . Efficiency of cleavage of the beta-globin gene locus at different HindIII sites involved in the 3C analysis ( Figure A) . Frequencies of circularization (self-ligation) of the anchor restriction fragment bearing 3'-insulator and the fragment bearing Hbb-b1 promoter ( Figure B) . Transcription activity of embryonic beta-globin genes Hbb-y and Hbb-bh1 and adult beta-globin genes Hbb-b1 and Hbb-b2 in MEL cells before and after induction ( Figure C) .
